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ABSTRACT 
Anodization, a self-ordering technique for creating nano-channels in alumina, is a 
simple and cheap method for creating highly ordered nanoporous film.  The 
dimensions of the nanochannels, including pore diameter and pore depth can be 
controlled accurately through appropriate anodization conditions.  In this thesis, 
we examined the suitability of using porous alumina as a supporting substrate for 
creating a textured metal oxide semiconducting (MOX) nanofilm to be used as a 
gas sensor in argon ambient.  A measurement system that can be used to 
characterize a gas-sensing device with respect to sensitivity, response time and 
recovery time was designed and set up.  A chemical vapour deposition (CVD) 
system for CVD of tungsten was designed and set up as well.  The textured film 
was deposited using low pressure chemical vapour deposition (LPCVD) of 
tungsten. Tungsten hexacarbonyl W(CO)6 was used as the precursor.  Electrical 
and structural characterization were performed on the deposited films. 
Comparison of oxygen sensing characteristics were made between the textured 
film deposited on porous alumina and that of a thin film deposited on glass 
substrate using the measurement system.  It was found that the non-textured film 
performed better than the textured film in terms of sensitivity, response time and 
recovery time.  Possible explanations for the observed phenomena  were given.  
Lastly, a novel honeycomb nanostructure was fabricated using pyrolysis of 
tungsten hexacarbonyl on pore-widened anodic porous alumina.  This structure 
has potential applications in gas-sensing. 
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1 INTRODUCTION 
Nanochannel-array materials, which have uniform channels of nanometer 
dimension, have generated considerable interest in recent years as they can be 
employed as a host substrate and/or template structure for fabricating nanometer 
devices, such as magnetic, electronic and optoelectronic devices [Tonucci et. al. 
1992, White et. al. 1996, Whitney et. al. 1993].  Anodic porous alumina, a self-
ordered nanochannel material formed by anodization of aluminum in an 
appropriate acid solution, has recently attracted increasing interest as a key 
material for the fabrication of nanometer-scale structures. Examples include 
electrochemical fabrication of cadmium sulphide nanowire arrays in porous 
anodic aluminum oxide templates [Routkevitch et. al. 1996] and micropolarizers 
made of anodized alumina film [Saito et. al. 1989].  Anodization of aluminum to 
form nanochannels is an attractive area of research due to a variety of reasons. 
Channels with high-aspect ratios of 1:1000 or larger can be achieved, as 
demonstrated in this project. Such dimensions are difficult to be produced in 
competing technologies like electron beam lithography or X-ray lithography. 
Anodization can be used to mass produce nanochannels easily and quickly, when 
compared to competing technologies like those mentioned above. The process can 
also produce channels of widely varying cell sizes of nanometer dimensions [Li 
et. al. 1998].  The pore parameters such as interpore distance, pore diameter and 
pore depth can be controlled accurately with variation in the anodization 
conditions. The process is also self-ordering, that is, human intervention is not 
necessary to create highly ordered structures. Ordered structures are suitable in 
many applications, e.g. memory device.  Aluminum is a cheap material, and the 
equipment needed to perform anodization, primarily the same as that used for 
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electrolysis as well, is affordable. All the above means that there is great potential 
for anodic porous alumina to be employed in commercial nano-applications.  
 
In a seemingly different arena over the last three decades, many solid-state sensor 
devices for detecting gaseous components have been proposed based on various 
principles and materials.  Some of these have been developed enough to be used 
in industrial and domestic applications.  For example, semiconductor gas sensors 
using metal oxides that can detect flammable gases in air, such as CH4, LPG and 
H2, are currently used widely for gas leakage alarms in domestic households.  
Oxygen sensors using stabilized zirconia are essential in car emission control and 
metallurgical process control.  Humidity sensors using ceramics or organic 
polymer electrolytes are very useful for automating food processing and air 
conditioning.   These examples demonstrate the high potentiality of gas sensors in 
modern technologies relating to safety, process control and amenities 
[Sberveglieri 1992].    
 
Among sensors, MOX thin film gas sensors have attracted attention because they 
are cheap, have low power consumption and are compatible with microelectronic 
technology [Sberveglieri 1992], in particular silicon based technology.  Among 
MOX sensors, tungsten oxide as gas sensing layer has gained increasing interest 
in recent years.  Studies have shown that sub-stoichiometric tungsten oxide is 
sensitive to noxious gases like nitrous oxide [Berger et. al. 2004, Cantalini et. al. 
1996, Guilio et. al. 1997, Giulio et. al. 1998, Lee et. al. 2000, Penza et. al. 1998, 
Sberveglieri et. al.1995], ammonia [Penza et. al. 1998, Sberveglieri et. al.1995], 
hydrogen sulphide [Berger et. al. 2004, Xu et. al. 1990], ozone [Aguir et. al. 2002, 
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Berger et. al. 2004, Williams 1999, Williams et. al. 2002] and hydrogen 
[Davazoglou et. al. 1998, Penza et. al. 1998].   
 
Gas sensors incorporating nanostructures have been found to improve their 
performance drastically [Baraton et. al. 2003, Kong et. al. 2000].  In this project, 
we hope to combine the two different technologies of anodization and gas sensing 
to develop a nanostructural device and examine its feasibility as a gas sensor 
 
1.1  Motivation and Objective 
While many studies have been devoted to using tungsten oxide as sensors for 
nitrous oxide, ammonia and hydrogen sulphide, very few studies have been 
devoted to examining the feasibility of using MOX sensors to detect oxygen 
content in the ambient.  In fact, a search of the Google Scholar website and the ISI 
Web of Knowledge portal has revealed few relevant articles on this.  Also, even 
though pyrolysis of tungsten hexacarbonyl W(CO)6 offers numerous advantages 
in depositing tungsten film [Davazoglou et. al. 1987, Diem et. al. 1923, Lai et. al. 
2000], very few research groups have attempted to use this method to create a gas 
sensing device.  In this project, the objective is three-fold.   
 
Firstly, a measurement system that can characterize the performance of MOX gas 
sensing devices with respect to sensitivity, response time and recovery time is 
designed and set up.   
 
Secondly, a CVD system that can deposit a thin film of tungsten by pyrolysis of  
W(CO)6 uniformly is designed and set up.  Gas sensing devices are then fabricated 
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by depositing a continuous tungsten film on a flat glass substrate and also on 
anodic porous alumina substrate to create a textured film using this setup. The 
film is then oxidized to create a sub-stoichiometric semiconducting tungsten 
trioxide sensing layer and finally mounted onto a suitable platform for gas sensing 
characterization.  
 
Thirdly, the structural, electrical and gas-sensing properties of the devices 
fabricated are characterized. The gas sensing characteristics of the devices are 
investigated by testing their ability to sense oxygen and ammonia in an inert 
ambient.  Comparisons of the above properties are made between the flat substrate 
device and nano-textured substrate device. 
 
1.2 Organization of Thesis 
This thesis is divided into 6 chapters.   
 
The first chapter gives the introduction, motivation and objectives of this work. 
 
Chapter Two describes the theory and some of the work that has been done on 
anodic porous alumina, gas sensing and tungsten oxide. 
 
Chapter Three describes the experimental setup, how the samples were fabricated 
and how they are characterized. 
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Chapter Four presents the structural and electrical characterization of the 
fabricated devices and also describes the gas sensing characteristics of the devices 
made. 
 
Chapter Five presents the conclusion reached in this thesis and the possible follow 
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2 LITERATURE REVIEW 
In this chapter, a survey of published literature on the theory and work that has 
been done on the research topic is presented.  We describe here the theory of 
anodization and some work that has been done on anodized alumina.  The theory 
of metal oxide (MOX) gas sensors and a practical application of oxygen sensing is 
described as well.  Next, various deposition techniques for tungsten oxide are 
discussed, with particular emphasis on chemical vapor deposition (CVD) of 
tungsten through pyrolysis of tungsten hexacarbonyl.  Lastly, some methods of 








Figure 2.1: Simplified Diagram of Anodization  
 
Anodization (anodic-oxidation) is a process similar to electrolysis in that it 
involves the use of two electrodes and an acid as an electrolyte, as shown in figure 
2.1.  The difference is that when current is passed, the aluminum anode does not 
~  ~  ~  ~  ~  ~  ~  ~  ~  ~  ~  ~ 
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dissolve away, and oxygen is not evolved in significant amounts.  Instead, much 
of the oxygen liberated combines with the aluminum to form a layer of porous 
aluminum oxide (Al2O3).  Hydrogen is liberated at the cathode. The amount of 
aluminum oxide formed is directly proportional to the current used.  The progress 
of formation of the alumina film depends on the conditions of electrolysis and the 
chemical composition of the electrolyte used.  If the electrolyte does not have a 
solvent action on the oxide coating, then the anodization process will cease 
quickly, leaving a thin film of oxide referred to as the barrier layer.  If the 
electrolyte has some solvent action, as in the case of sulphuric acid (H2SO4), 
phosphoric acid (H3PO4) or oxalic acid (C2H2O4), then a porous film is formed 
and the oxidation process continues [Henley 1982].  The structure of the oxide 
coating is shown in figure 2.2. 
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The structure of anodic porous alumina is described as a close-packed array of 
columnar cells, each containing a central pore of which the size and interval can 
be controlled by changing the anodization conditions.  The anodic oxide film can 
be seen to comprise of hexagonal columns, each having a round central pore that 
reaches down to a barrier layer which is continuously formed and transformed into 
the porous form during the anodization process.  The diameter of the pore is 
proportional to the applied voltage.   Figure 2.3 shows an ideal hexagonal pore 








2.1.2 Terminologies Used 
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Interpore Distance 
The interpore distance is the distance between the centres of two adjacent pores.  
 
Cell Width 
The cell width is the distance between two opposite vertices of a cell.  For perfect 
hexagonal pore arrays, the interpore distance is also equal to the cell width.  
However, in anodic porous alumina, the distance between two opposite vertices of 
a cell (i.e. cell width) varies due to imperfect structures, and it was found that the 
interpore distance is more regular and predictable.  Hence for this project, the 
interpore distance was used to estimate the cell width. 
 
Pore Diameter 
The pore diameter denotes the size of the pore opening.  
 
 Pore Depth 
The pore depth is the distance from the top of the pore to the bottom, when the 
pore meets the barrier layer.  
 
Anodizing Voltage 




The anodizing current is the current that flows across the anode and cathode 
during anodization 
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2.1.3 Mechanism for Formation of Hexagonal Pore Arrays 
Porous oxide growth on aluminum under anodic bias in various electrolytes has 
been studied for over 50 years [Keller et al. 1953]. Despite extensive studies, 
scientists have not been able to comprehend fully the mechanism for the self-
organized formation of hexagonal pore arrays in anodic alumina.  A theory was 
proposed by Hoar and Mott in 1958 [Hoar et al. 1959] to explain the formation of 
porous alumina and it is still closely referred to by researchers today.  More 
recently, Jessensky et al. proposed a mechanism in 1998 to explain the 
phenomenon of ordered hexagonal arrays [Jessensky et al. 1998a, Jessensky et al. 
1998b], which is similar to the theory proposed by Hoar and Mott.  The 
mechanism proposed by Jessensky is briefly described below.   
 
At the start of anodization, pores nucleate at random positions on the aluminum 
film and as a result pores on the surface occur randomly and have a broad size 
distribution.  However, under some specific anodization conditions [Li et al. 1998, 
Jessensky et al. 1998a, Masuda et al. 1995], hexagonally ordered pore domains 
can be obtained at the bottom of the anodized film after a period of time.   Figure 
2.4 shows the migration of Al3+ and O2- ions at the aluminum oxide (Al2O3) 
barrier layer.   
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Figure 2.4: Migration of Al3+ and O2- ions during Anodization [Jessensky 1998] 
 
During anodization, an electric field is applied across the anode (aluminum) and 
the cathode (lead plate).  Under this field, negatively charged O2- and OH- ions, 
which are present in the electrolyte, migrate from the electrolyte to the positive 
oxide-aluminum interface.   The electric field also causes the anions to move 
through interstitial sites in the barrier layer to form alumina by combining with the 
Al3+ ions.  In this case, OH- ions, which are much smaller than O2- ions, will 
require lower activation energy to move into interstitial sites in the alumina.  
Hence the probability of such a reaction occurring for OH- ions is higher.  The 
respective possible reactions taking place are shown in Eqs. (2.1) and (2.2). 
 
2Al3+ + 3O2-  Al2O3      (2.1) 
2Al3+ + 3OH-  Al2O3 + 3H
+     (2.2) 
 
For the latter reaction, H+ ions are released and move back to the electrolyte.  
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At the same time, Al3+ ions, acting under the electric field, also drift from the 
aluminum bulk layer through the barrier layer. On reaching the oxide/electrolyte 
interface, Al3+ ions combine with O2- ions to from alumina and contribute to the 
oxide growth.  Some Al3+ ions at the oxide/electrolyte interface move into the 
electrolyte due to the solvent action.  O2- ions are released and some react with H+ 
ions in the electrolyte to form OH- ions.  The behavior of O2- and OH- ions has 
been described earlier.   
 
The entire oxidation process takes place in the region of the barrier layer which is 
at the bottom of the pore.  The net effect is that the oxide layer can only expand in 
the vertical direction, so that the existing pore walls are pushed upwards.  This 
results in the formation of round channels in anodized aluminum.  The rate of 
barrier layer growth depends on the rate of field-enhanced dissolution of the 
alumina at the oxide/electrolyte interface and the formation of alumina at both the 
oxide/electrolyte interface and the oxide/aluminum interface.  At steady state, the 
dissolution rate and formation rate are equal, and hence the barrier layer does not 
grow any thicker.  Instead, the pores tunnel deeper into the aluminum. 
 
The atomic density of aluminum in alumina is lower than in metallic aluminum by 
a factor of two.  Therefore there is mechanical stress experienced by a pore due to 
the growth of the oxide layer and the resultant volume expansion. Such 
mechanical stress or repulsive forces between neighboring pores facilitates the 
formation of a hexagonal cell arrangement, which is a position in which the force 
experienced by a pore in every direction is in equilibrium. 
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The mechanism described in the previous two paragraphs results in the formation 
of ordered hexagonal pore arrays in anodic alumina.  
 
Various methods to enhance the sizes of ordered regions have been suggested, 
including increasing the anodization time [Masuda et al. 1995], modifying the 
volume expansion factor (ratio of the volume of porous alumina oxide layer 
formed to the volume of aluminum consumed during anodization) through the use 
of different electrolytes [Li et al. 1999] and pretexturing of the aluminum sheet 
prior to anodization [Asoh et al. 2001]. 
 
 
2.1.4 Known Dependencies in Anodization 
 
Various physical characteristics of the pore arrays and their dependencies on the 
anodization conditions have been investigated theoretically and experimentally 
[Parkhutik et al. 1992, Sulka et al. 2002].  The results are summarized in Table 
2.1. 
 
Table 2.1: Relationship between Physical Characteristics of Pore Arrays 
and Anodizing Conditions  
Physical Characteristics of Pore 
Arrays 
Dependent On 
Cell width, pore diameter Anodizing Voltage 
Pore depth Time, current 
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Different acids have been used as electrolytes in order to obtain cells of different 
sizes [Li et al. 1998, Parkhutik et al. 1992].    The type of acids used, 
corresponding anodizing voltages and hence the resultant interpore distance are 
summarized in Table 2.2. 
 
Table 2.2: Types of Acid used for Different Anodizing Voltages 
Anodizing Voltage (V) Electrolyte Interpore Distance 
(nm) 
20-30 Sulphuric Acid (H2SO4) 50-80 
31-60 Oxalic Acid (C2H2O4.2H2O) 80-160 
61-160 Phosphoric Acid (H3PO4) 160-440 
 
The reason for the use of different use of acids to obtain different ranges of 
interpore distance was not explicitly given but the mechanical stress model can be 
used to explain this.  The above electrolytes, when used with the respective 
anodizing voltages, will result in a volume expansion factor that is close to 1.4 and 
hence the porous alumina fabricated with the range of indicated interpore distance 
will exhibit order [Li et al. 1998].  Nielsch et al. agreed with the theory and 
concluded that the ideal volume expansion ratio is 1.2 [Nielsch et al. 2002]. When 
an inappropriate electrolyte is used for a particular anodizing voltage range or vice 
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A linear relationship was observed by Sullivan et al. to establish the relationship 
between the interpore distance (Dip) and the anodizing voltage (Va) [Sullivan et al. 
1970]. This relationship was obtained empirically by measuring the interpore 
distance from anodizing experiments.  This relationship is shown in Eq. (2.3). 
 
Dip = 2.77Va      (2.3) 
 
In a similar way, the linear relationship between the pore diameter (Dd) and 
anodizing voltage (Va) was also obtained by Sullivan et al.  and is shown in Eq. 
(2.4). 
 
Dd = 1.29Va      (2.4) 
 
Equations (2.3) and (2.4) were tested by Li et al. [Li et al. 1998] and Sulka et al. 
[Sulka et al. 2002] and found to match their experimental results closely. 
 























Figure 2.5: Empirical Trend of Interpore Distance and Pore Diameter vs 
Anodizing Voltage [Sullivan et al. 1970] 
 
 
2.1.5 Some Applications of Anodic Porous Alumina 
 
Some applications of porous alumina are briefly described here.  Porous alumina 
films on aluminum can be used for decorative, wear-resistant and corrosion-
resistant applications.  The porous membrane can be penetrated by organic dye 
stuffs or inorganic pigments to provide colored, decorative finishes, e.g. ash trays, 
fruit bowls and tea trollies. 
 
Highly ordered porous alumina can be used in magnetic storage devices, whereby 
porous films are formed on highly flat substrates.  The pores are then widened in a 
controlled manner and magnetic alloys are deposited within the porous skeleton. 
[Thompson 1997] 
 
Empirical Trend of Interpore Distance and Pore Diameter 
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Hard anodic coatings are used by the engineering industry for surfaces that have 
to withstand lightly loaded rubbing contact and where good corrosion resistance is 
necessary.  Examples include hydraulic cylinders, coin-operated machine slides 
and textile spinning guides. [Henley 1982] 
 
Some other applications (as mentioned in Chapter 1 briefly) which were under 
study include electrochemical fabrication of cadmium sulphide nanowire arrays in 
porous anodic aluminum oxide templates [Routkevitch et al. 1996] and 
micropolarizers made of anodized alumina film [Saito et al. 1989].  Figure 2.6 
shows the schematic diagram of the polarizer. 
 
Figure 2.6: Wire grid type polarizer made of anodized alumina film.  The film 
transmits the light polarized vertically to the metal columns, and attenuates light 
polarized horizontally to the columns. 
 
To the best of the author’s knowledge, anodic porous alumina has never been used 
as a substrate to deposit a thin film to form a textured gas sensing layer. 
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2.2 Metal Oxide Semiconductor Gas Sensors 
 
There are many different kinds of sensors, with varying working principles.  Some 
of these are described here. 
 
Semiconductor gas sensors rely on changes of conductance/resistance induced by 
adsorption of gases and by subsequent surface reactions involving the adsorbed 
gas species.  Such sensors are typically based on metal oxides (MOX) e.g. SnO2, 
TiO2, In2O3, WO3, NiO etc.   
 
Catalytic gas sensors are typically sensors that combine a catalyst with a thermal 
probe that detects the heat released during the oxidation of a combustible gas on 
the catalyst surface. The catalyst induces the oxidation and hence is essential for 
the detection of the target gas.   
 
Field effect devices fall into 2 categories: metal-insulator-semiconductor 
capacitors (MISCAPs) and metal-insulator-semiconductor transistors (MISFETs). 
Field effect sensors are field effect devices that detect gases based on the change 
in work function of the catalytic metal gate of the device.  When the target gas 
specie is adsorbed on the metal surface, the gas molecules dissolve in the metal 
and diffuse rapidly through it and cause a work function change of the metal. 
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Figure 2.7: A typical MISFET gas sensor.  It is similar to a MOSFET except that 
different gate metals may be used to sense different gases.  For example, to sense 
hydrogen, a palladium gate may be used [Bergveld et al. 1998]. 
 
Surface acoustic wave (SAW) gas sensors detect gas concentrations by means of a 
substrate interface that transforms part of the acoustic energy of the adsorbed gas 
into quasistatic stress, thus modifying the elastic property of the substrate.   
 
Figure 2.8: A typical acoustic wave gas sensor device. It consists of two sets of 
interdigital transducers. One transducer converts electric field energy into 
mechanical wave energy; the other converts the mechanical energy back into an 
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An electrochemical gas sensor is a device that yields an output as a result of an 
electrical charge exchange process at the interface between ionic and electronic 
conductors. 
 
Optical gas sensors make use of changes in optical properties due to the presence 
of gas species.   
 
As our focus is on MOX sensors, such sensors are described in more detail in the 
following sub-section. 
 
2.2.1 Theory of MOX Gas Sensing 
 
In this section, the theoretical principle of metal oxide (MOX) gas sensing is 
described in a detailed qualitative manner.  Readers who are interested in first-
principles modeling can refer to a research paper by Brailsford [Brailsford et al. 
1993].  
 
MOX gas sensors, as mentioned in 2.2.1, belong to a sub-class of semiconductor 
gas sensors.  In its simplest form, a MOX sensor has electrodes in contact with a 
sensitive layer of MOX resting on a substrate that is in contact with a heater.  
Some of the advantages include [Gallardo 2003]:  
 • Low cost, small size and easy to handle (compared to other gas sensors)  
 • Fast sensor response and recovery  
 • Robust construction and good mechanical strength  
 • Long operating life  
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The first MOX sensor was invented and patented by Taguchi [Taguchi 1971].  
This sensor also became known as the Taguchi sensor. Figure 2.9 shows a 
schematic diagram of the Taguchi sensor. 
 
Figure 2.9:  Schematic diagram of the Taguchi sensor. 1 and 2 are electrical 
contacts. 3 indicates a porous ceramic body and 4 represents a semiconductor 
material filling the pores in the ceramic body. 
 
The working principle of this sensor is as follows.  A semiconductor material (e.g. 
SnO2, TiO2 or WO3) is mixed with a material such as stearic acid that evaporates, 
burns away or sublimes when heated and thereby produces a number of pores in 
the sensing layer.  The mixture is applied to a suitable platform like ceramic and 
then heated to elevated temperature.  The Taguchi sensor senses the presence of 
oxidizing or reducing gases by means of changes in the conductivity of the 
sensing layer. 
 
The theory of MOX gas sensing is described in further detail here. Pure and 
perfectly crystalline metal oxides are insulators.  However, most examples of 
metals oxides in real life are polycrystalline, impure and hence contain various 
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kinds of defects.  Some metal oxides, such as SnO2, TiO2 or WO3, are intrinsically 
n-type bulk semiconductors.   This is because they are typically sub-stoichiometric 
due to oxygen vacancies.  The existence of oxygen vacancies causes electron 
donor states to be formed, resulting in the presence of charge carriers in the film, 
thus increasing the conductivity of the film.  According to Williams and Moseley 
[Williams & Moseley 1991], most target gases are detected due to their influence 




Figure 2.10: Physical model and associated band model of the grains of a MOX 
sensing layer [Hoel 2004]. 
   
 
Figure 2.10 shows a physical model of a MOX gas sensor sample.  Assuming air 
ambient, under normal sensor operating conditions, the conductivity of the surface 
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of the sensing layer is much lower than that of the bulk. This is because oxygen 
atoms in the ambient are adsorbed onto the surface, forming surface oxygen ions 
that trap electrons. The trapping of electrons induces a surface depletion layer and 
thus the development of Schottky barriers at interparticle contacts as shown in 
figure 2.10 [Hoel 2004]. An MOX sensor can adsorb oxygen from the atmosphere 
both in the forms of O2- and O- species.  Because O- is more reactive the sensing 
layer becomes more sensitive when adsorption of O
-
 is stronger. At lower 
temperature the surface preferentially adsorbs O2- and the sensitivity of the 
material is consequently small.  As temperature increases adsorption of O- 
increases and sensitivity of the material increases.  At higher temperatures, 
progressive desorption of adsorbed oxygen adatoms occur and sensitivity 
decreases [Manno et al.1997].  Thus, there is a particular temperature whereby 
sensitivity of the MOX sensor is at its maximum.  Figure 2.11 shows the response 
of annealed TiO2 to 50 ppm of ammonia gas as a function of working temperature, 
as reported by Manno et al.  As  evident, the sensitivity increases with temperature 
and reaches a maximum value at 200°C.   
 
Figure 2.11: Response of 
annealed TiO2 to 50 ppm of 
ammonia gas as a function 
of working temperature 
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In the case of n-type metal oxides, since electrons come from ionized donors via 
the conduction band, the charge carrier density at the interface is reduced and a 
potential barrier to charge transport is developed (Fig. 2.10). As the surface charge 
is developed, the adsorption of oxygen slows down because charge must be 
transferred to the adsorbed oxygen adatoms over the developing surface barrier 
until equilibrium of adsorption and desorption of oxygen is reached.  At the 
junction between the grains of the solid, the depletion layer and associated 
potential barrier lead to high-resistance contacts, which dominate the resistance of 
the solid. The resistance is thus sensitive to the concentration of oxygen adatoms.  
 
In the presence of an oxidizing target gas, the concentration of surface oxygen 
adatoms increases further, depleting the surface of even more electrons, and thus 
reducing the conductivity of the solid.  For example, in the presence of ozone 
(O3), the following reactions occur: 
 
  O3  O2 + O        (2.5) 
 O + 2e-  O2-        (2.6) 
 
In the presence of a reducing target gas, the concentration of surface oxygen 
adatoms decreases, releasing electrons, and thus increasing the conductivity of the 
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 2CO + O2 (ads)  2CO2 + e-      (2.7)  
CO + O (ads) CO2 + e-       (2.8) 
CO + 2O (ads) CO3 (ads)      (2.9) 
where “ads” indicates adsorbed molecule on the surface of the gas sensing layer 
 
In this case, the first two reactions in Eqs (2.7) and (2.8), which produce 
delocalized electrons, are responsible for electrical conductivity changes. 
 
In the case of p-type semiconductors, the majority carriers are holes. These holes 
come from ionized acceptors via the valence band.  In the presence of an 
oxidizing species, the neutral acceptors in the valence band sensing layer become 
ionized as they donate electrons to the oxidizing adatoms. Hence conductivity 
increases.  In the presence of reducing species, these ionized acceptors become 
neutral as they accept electrons from the reducing adatoms.  Consequently, 
conductivity decreases. 
 
2.2.2 Factors Affecting the Performance of Gas Sensors 
 
 
There have been few detailed studies on the theory of sensing properties of gas 
sensors in terms of sensitivity, response time and recovery time.  It is generally 
accepted that there are three factors affecting sensitivity, namely surface 
roughness, crystallite size and oxygen vacancy concentration [Cantalini et al. 
1996]. Sensitivity is directly related to surface roughness and oxygen vacancy 
concentration and indirectly related to crystallite size.  For tungsten oxide, it is 
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reported that these three parameters increase with annealing/oxidation temperature 
(in static air) in the range of 400oC to 600oC.    
 
One factor that is still debatable is whether the thickness of the sensing layer 
affects the sensor performance.  Demarne and Sanjines reported that in 
polycrystalline thin films (<1µm thickness) and at sufficiently high temperatures, 
a preferential diffusion of gases at grain boundaries can generate inhomogeneous 
depletion layers when oxidizing species are adsorbed.  [Demarne et al. 1992] 
Moreover, for a film of certain thickness, the depletion layer increases with 
temperature.  If the temperature is high enough, the conduction channel can 
disappear by the chemisorption of the oxidising species, e.g. oxygen.  [Demarne et 
al. 1992] This seems to indicate that the sensitivity of a gas sensor is dependent on 
the film thickness.  However, it was reported separately that sensitivity remains 
unchanged with thickness of the sensing film [Giulio et al. 1997]. 
 
2.2.3 Enhancing Performance of MOX Sensors Through the Use of 
Catalytic Additives 
 
The addition of an appropriate amount of metal additives has been shown to 
improve the detection of various kinds of gases via the enhancement of the sensor 
response time and a decrease in the temperature of maximum sensor response.  
For example, the use of Ru, Rh, Pd, Ag, Pt and Au has been reported to improve 
the sensing capabilities of powder WO3 based sensors for nitrous oxide [Akiyama 
et al. 1993].  
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Metal additives can lead to two different sensitization mechanisms, namely 
chemical sensitization and electronic sensitization [Shimizu et al. 1999]. In the 
first case, the noble metals additives activate inflammable gases by enhancing 
their spill-over, so that they react with oxygen adatoms more easily. Also, the 
supply of oxygen can be enhanced by the presence of these catalytic additives. 
Oxygen molecules from the gas phase can be easily dissociated and oxygen atoms 
migrate through spill-over effect of the additives to the surface of the metal oxide. 
A combination of the two promoting effects above increases the sensitivity of the 
sensing layer. 
 
On the other hand, electronic sensitization is associated with oxidised metal 
additives. The addition of monolayers of some metals to n-type metal oxides 
usually results in an increase in the base resistance. There is a decrease in the 
electron concentration in the oxide surface layer, which corresponds to an increase 
of the space-charge depth as a result of the electron transfer from the metal oxide 
to the metal deposited on its surface. When the metal surface is covered with 
oxygen adatoms at elevated temperatures in air (which means the metal is 
oxidised), the oxygen adatoms extract electrons from the metal, which in turn 
extracts electrons from the metal oxide, leading to a further increase in the space-
charge depth. Consumption of oxygen adatoms on the metal, in addition to those 
on the metal oxide surface, by reaction with flammable gases, causes the enhanced 
sensitivity. In this case, therefore, the increase in sensitivity is due to the change in 
the oxidation state of the metal additives.  
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2.2.4 An Application of the Oxygen Sensor-Heated Exhaust Gas Oxygen 
(HEGO) Sensor 
 
Arguably, the most important application of the metal oxide semiconductor gas 
sensor is in automobiles for sensing the air-fuel ratio in the engine.   Brailsford 
explained the working principle of this sensor [Brailsford et al. 1998]. 
 
 
Figure 2.12: Schematic illustration of the ZrO2 HEGO sensor. 
 
Figure 2.12 shows a schematic illustration of the yttria-stabilized zirconia (YSZ) 
HEGO sensor. 
 
The sensor consists of a thimble of YSZ coated on its inner and outer surfaces 
with porous platinum electrodes. The outer electrode is coated with a protective 
layer of a porous spinel and the entire outer region enclosed in a protective metal 
shroud with louvers or other openings that allow the exhaust gas exterior to the 
shroud to make contact with the sensor. The inner chamber usually contains air as 
a reference gas and also a heating element. The inner space is sealed from the 
exhaust gas. In the automobile environment, the sensor is mounted on the wall of 
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the exhaust manifold.  The sensor functions by transport of gaseous components, 
oxygen and reductants in a relatively inert carrier (nitrogen), from the shroud to 
the platinum electrodes where they adsorb on the surface. Molecular oxygen is 
presumed to dissociate into single oxygen adatoms, which either react with 
reductant adsorbates or, at sites on the triple lines formed by the contiguous 
electrode-YSZ-gas phases, combine with electrons from the platinum and charged 
oxygen vacancies as follows:   
O (ads) + Vo2+ + 2e- ->Oo      (2.10) 
Where Vo2+ is an oxygen vacancy and Oo is an oxygen atom in ZrO2 
 
The variation in oxygen adatom concentration on the electrode thereby influences 
the surface oxygen vacancy concentration within the YSZ relative to its value at 
the reference electrode surface. This gives rise to an open circuit cell potential in 
one of two ways depending upon the internal oxygen bulk vacancy concentration. 
When the latter is low, a surface Debye screening region develops at both 
electrodes and this sustains a voltage across the device. (The Debye length is 
defined as the distance in semiconductor over which local electric field affects 
distribution of free charge carriers. It decreases with increasing concentration of 
free charge carriers.)  When the vacancy concentration is very high, a charge 
double layer develops across the electrode-YSZ surface regions with constant 
potential conditions prevailing throughout the remaining interior YSZ material. In 
either case, the output voltage of the device is proportional to the natural 
logarithm of the ratio of the adsorbed oxygen adatom concentration on the 
reference (inner) and exhaust (outer) side electrodes. 
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V = (kT/2e)ln(Oads, exh / Oads, air)      (2.11) 
 
Where V is the output voltage of the device, k is the Boltzmann Constant, T is the 
temeperature of the gas (in Kelvin), Oads, exh is the adsorbed oxygen concentration 
on the outer electrode and Oads, air is the adsorbed oxygen concentration on the 
electrode on the inner electrode 
 
When exposed to oxygen (in an inert carrier gas), therefore, the voltage is 
proportional to the logarithm of the oxygen partial pressures at the two surfaces of 
the sensor. When reducing gases are also present in the exhaust, these modify the 
adsorbed oxygen adatom concentration on the electrode. This then modifies the 
adjacent YSZ-vacancy concentration and thus the overall cell voltage in the 
manner described earlier. 
 
Figure 2.13 shows the typical response of a commercial zirconia ZrO2 oxygen 
sensor to changes in air-fuel ratio of an engine.  There is a narrow transition 
regime in which the sensor output voltage changes drastically with changes in the 
air-fuel ratio.  The air-fuel ratio is measured indirectly by the stoichiometry of 
chemical constituents on the surface of the sensor.  The ideal stoichiometry is 
indicated by the dotted line. 
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Figure 2.13: Typical response of a commercial ZrO2 oxygen sensor to changes in 
air-fuel ratio of an engine. 
 
 
2.2.5 Using Nanostructures to Enhance Gas Sensing 
 
When the size of a particle reaches the nanometer scale, the particle itself can be 
considered as a surface in three dimensions. Consequently, the surface reactivity 
of the nanoparticle is increased due to the increase of the specific surface area 
(surface-to-volume ratio), and the interface between the nanoparticle and its 
surrounding media plays a major role in reactions compared to the bulk.  
Moreover, the strong curvature of the surface due to the small radius of the 
nanoparticle leads to an increased density of the defect sites at the nanoparticle 
surface. These defect sites are usually strongly reactive and enhance the overall 
surface reactivity of the nanoparticle compared to its micron-sized counterpart, 
which is likely to have lower defect density.  Furthermore, in semiconducting 
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nanoparticles, the Debye length may be comparable to the radius of the particle, 
which is of importance for electrical properties. When the particle diameter is 
much larger than twice the Debye length, the conductance of the particle is 
controlled by the grain boundary. When the particle size is decreased, the necks 
are the factors controlling the conductance. When the particle diameter is 
decreased even further such that it becomes comparable to the Debye length, then 
the conductance is controlled by the grain, i.e. by the nanoparticle itself. [Baraton 
et al. 2003]. Such properties of nanoparticles make them very useful for 
improving the sensitivity of the gas sensor. 
 
The first instance in which a single nano-dimensional device was used as a gas 
sensor was reported in year 2000 by Kong et al. [Kong et al. 2000].  In their 
report, chemical sensors based on individual single-walled carbon nanotubes 
(SWNTs) were demonstrated. Upon exposure to gaseous molecules such as NO2 
or NH3, the electrical resistance of a semiconducting SWNT was found to 
dramatically increase or decrease. This serves as the basis for nanotube molecular 
sensors.  These sensors had the advantages of operation at room temperature and 
sensitivity up to 1000 times better than existing solid state sensors.  Sensor 
reversibility was achieved by slow recovery under ambient conditions or by 
heating the sensor to high temperatures.   
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Figure 2.14: Atomic force microscopy image of a metal/S-SWNT/metal sample 
used for the experiments conducted by Kong’s group [Kong et al. 2000]. The 
diameter of the nanotube is 1.8 nm. The metal electrodes consist of 20-nm-thick 
Ni, with 60-nm-thick Au on top. 
 
Besides a single nano-dimensional device, nanostructured films were also 
employed by various research groups to enhance the sensitivity of MOX sensors. 
[Baraton et al. 2002, Gallardo 2003, Hoel 2004]. 
 
2.2.6 Structural Properties of Tungsten Trioxide 
 
Tungsten trioxide exhibits a cubic perovskite-like structure based on the corner 
sharing of WO6 regular octahedra, with the O atoms (W atoms) at the corner 
(centre) of each WO6 octahedron. The crystal network can also be viewed as the 
result of alternating disposition of O and WO2 planes, placed normally to each 
main crystallographic direction. This structure is also found in the rhenium 
trioxide structure (ReO3), from which  the name is derived.  Figure 2.15 shows the 




   43
 
Figure 2.15: Schematic model of crystalline WO3 in the undistorted cubic phase. 
 
The symmetry of tungsten oxide is lowered from the ideal ReO3 structure by two 
distortions: tilting of WO6 octahedra and displacement of tungsten from the centre 
of its octahedron. Variations in the details of these distortions give rise to several 
phase transitions. In fact, tungsten trioxide adopts at least five distinct 
crystallographic modifications between absolute zero and its melting point at 
1700K. When the temperature is decreased from the melting point, the 
crystallographic symmetry for WO3 changes in the sequence: tetragonal-
orthorhombic-monoclinic-triclinic-monoclinic. A summary of these transitions is 
given in Table 2.3.  
Table 2.3: Known polymorphs of tungsten trioxide [Gallardo 2003] 
 
Phase  Symmetry  Temperature range (K)  
α-WO3  Tetragonal  1010-1170  
β-WO3  Orthorombic  600-1170  
γ-WO3  Monoclinic  290-600  
δ-WO3  Triclinic  230-290  
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Electrical and optical characteristics of tungsten trioxide are dependent on the 
crystalline structure.  The resistivity differs for different preparation techniques 
but typically lies between 105-109Ω cm, compared with 5.3µΩcm for tungsten, at 
room temperature [Krusin et al. 1986]. The optical bandgap of tungsten trioxide 
also varies and is about 3eV [Kaneko et al. 1981, Gallardo 2003]. 
 
One of the most elementary defects in tungsten oxide, as in most metal oxides, is 
the lattice oxygen vacancy, where an oxygen atom is absent from a normal lattice 
site.  This leads to the formation of a family of WO3-x compounds. From an 
electronic point of view, an oxygen vacancy causes an increase in the electronic 
density on the adjacent metallic tungsten cations, leading to the formation of 
donor-like states slightly below the edge of the conduction band of the oxide. This 
results in the oxide acquiring semiconducting properties.  
 




The deposition of the sensing layer is the most crucial part in the preparation of 
gas sensors. Three ways of depositing tungsten trioxide (and in general MOX 
films) can be identified: powder/slurry deposition [Baraton et al. 2002], chemical 
vapour deposition (CVD) [Davazoglou et al. 1997] and physical vapour 
deposition (PVD) [Aguir et al. 2002, Berger et al. 2004]. 
  
The main difference between powder based films and CVD or PVD samples is 
usually film thickness.  The former method results in films with sensitive layers of 
CHAPTER TWO 
   45
several microns thick, whereas the latter two methods results in films that are 
typically between 20nm to 1000nm thick.  Thick films are usually porous, and the 
gas species can penetrate through most of the film and hence adsorption and 
desorption can occur throughout the whole film.  Thin films are generally 
compact, and so gas interaction is limited to the surface of the film.  It was argued 
that because of the above explanation, thick films are more sensitive than thin 
films [Simon et al. 2001].  However, as mentioned in Section 2.2.2, this is still 
debatable. 
 
Here, the method of CVD to deposit tungsten oxide through pyrolysis of tungsten 
hexacarbonyl is described as such a technique is used to prepare the samples in 
this work.  Tungsten hexacarbonyl (W(CO)6) is a volatile solid which sublimes to 
give an appreciable vapour pressure at moderate temperature and decomposes at 
approximately 175oC to form tungsten and carbon monoxide as follows: 
  
W(CO)6  W + 6CO       (2.12) 
 
CVD of tungsten by pyrolysis of W(CO)6 to obtain tungsten, and subsequently 
tungsten trioxide has several advantages, when compared with other deposition 
techniques.  While W(CO)6  and CO are toxic, they are not corrosive  [Diem et al. 
1983].  Tungsten films for device applications are typically deposited by CVD 
using tungsten hezafluoride (WF6) and a suitable reducing agent (e.g H2). The 
reaction byproducts are F2 and HF which are highly corrosive [Lai et al. 2000].  
Hence W(CO)6 is easier to handle than WF6.  In addition, CVD of W is able to 
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provide better step coverage compared to other techniques like sputtering and 
evaporation.   
 
Typically, films deposited by pyrolysis of W(CO)6 have some amount of carbon 
and oxygen contamination, usually in the form of CO molecules [Diem et al. 
1983, Lai et al. 2000].  The presence of impurities is due to the incomplete 
desorption of the reaction byproducts, i.e. CO.  Hence it is logical that the surface 
of the film has a higher amount of contamination.  The higher the temperature of 
the substrate where the film is deposited, the lower the level of contamination.  
Annealing at high temperature of 900oC drives off most of the CO. 
 
 
2.2.8 Methods of Characterizing Gas Sensors  
 
 
There are various methods to characterize the sensing performance of gas sensors, 
including MOX sensors.  Two methods are described here.  The first method, 
which is also the most common way is the conductivity method.  In this method, a 
constant voltage is applied to the device under test (DUT) and the current or 
resistance is measured.  The gas to be sensed is flowed into the test chamber.  
After some time the gas is shut off.  Figures 2.16 and 2.17 show some examples of 
results from such a characterisation method. 
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Figure 2.16: Current response of a palladium nanowire-based H2 sensor under 
exposure to hydrogen/nitrogen mixtures (concentration of H2 as shown) [Walter et 
al. 2002]  
 
 
Figure 2.17: Resistance response of annealed titanium oxide film following a step 
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The second method involves the use of Fourier transform infrared (FTIR) 
spectroscopy.    FTIR spectroscopy allows the in-situ study of chemical 
interactions and reactions taking place at nanoparticle surfaces when gases are 
adsorbed. Simultaneously, when the sample to be analysed is a semiconductor, the 
variations in the background absorption over the total infrared range can be related 
to the variations in the free carrier density, that is to the variations in electrical 
conductivity. Practically, when an oxidizing gas is adsorbed on the surface of a n-
type semiconductor, the electrical conductivity decreases and, on the infrared 
spectrum, a decrease in the overall absorption is observed, which means there is 
an increase in the sample transparency. Therefore, this technique makes it possible 
to correlate the surface reactions with changes in the electrical conductivity. This 
correlation is the basis of the gas detection mechanism by semiconducting 
materials.  [Baraton et al. 2002] 
 
Figures 2.18 and 2.19 show examples of detection of gas sensing via FTIR 
spectroscopy. In this example, the IR spectrum of the DUT is recorded along with 
the energy transmitted by the sample over the total infrared range. 
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Figure 2.18: FTIR spectra of  SnO nanopowder film at 300 oC (a) under 50 mbar 




Fig. 2.19: Variations of the infrared energy transmitted by SnO powder film 
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2.3 Summary 
A survey of relevant literature related to the research topic is presented.  The 
theory of anodization and some work that has been done on anodized alumina is 
described.  The theory of MOX gas sensing and an application of MOX oxygen 
sensor in automobiles is also described.  Next, various deposition techniques for 
tungsten oxide are discussed, with particular emphasis on CVD of tungsten 
through pyrolysis of tungsten hexacarbonyl.  Lastly, some methods of 
characterizing gas sensors are discussed.  In the next chapter, the equipment that 
was designed and implemented to fabricate and characterize the devices is 
described in detail.  The experiments performed will be described in detail as well. 
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3 Experimental Setup 
 
In this chapter, the experimental setup, fabrication of samples and how these 
samples were characterized are described in detail.  There are four parts, namely 
preparation of samples for film deposition, deposition of tungsten and subsequent 
oxidation to form the gas sensing films, characterizing the gas sensors, and 
studying the film microstructure. 
 
3.1 Preparing the Samples for Film Deposition 
In this section, the method of preparing the samples prior to depositing tungsten 
film via pyrolysis of tungsten hexacarbonyl is described. Two kinds of samples 
were prepared—flat substrate samples and textured substrate samples.  
 
For flat substrate samples, 5mm by 5mm glass slides were used. These were 
degreased in acetone and ultrasonic bathed for 10min. 
 
The preparation of textured substrate samples was more complicated.  Flat pieces 
of aluminum (Al) foil, 99.99% purity, 2cm in diameter and 210µm thick were 
degreased in acetone and immersed in an ultrasonic bath for 10min.  They were 
then blown dry using nitrogen gun and loaded into special rectangular anodization 
cells with lead plates as the cathode and the Al foil as the anode.  400ml of 0.2-
0.3M oxalic acid was used as the electrolyte.  The first anodization process was 
carried out for 6 hours at fixed voltages ranging from 20V to 60V, supplied by a 
HP6634B system DC power supply, and at a temperature of 18oC. The samples 
were then rinsed in de-ionized (DI)  water for 5 min and stripped of the porous 
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alumina by immersing it into a mixture of chromic and phosphoric acid at 60oC 
for 12 hours.  Following which, the samples were rinsed in DI water for 5 min and 
blown dry by a nitrogen gun.  The samples were then loaded back into the 
anodization cells.  A 2nd anodization process was carried out for varying durations 
of 1 to 8 hours (depending on the pore depths required) at the same voltages 
applied during the first anodization process.  The samples were then rinsed in DI 
water for 10min and then immersed into a saturated solution of tin chloride at 
20oC for 2 hours to etch the unreacted aluminum.  The samples were then 
immersed in DI water and ultrasonic bathed for 30min to remove the debris left 
behind by the chemical etch.  Pore-widening was then carried out for varying 
durations ranging from 15min to 60min by immersing the samples in 5% wt. 
phosphoric acid at 30oC.  The samples were then rinsed in DI water for 10min and 
blown dry with a nitrogen gun. 
 
3.2 Depositing Tungsten Oxide Thin Film by Pyrolysis of Tungsten 
Hexacarbonyl 
 
A few methods were attempted in order to obtain a tungsten oxide sensing layer 
using pyrolysis of tungsten hexacarbonyl.  Initially, a setup using a quartz furnace 
tube length of about 1m and volume of about 3000cm3 was designed and used to 
implement atmospheric pressure chemical vapor deposition (APCVD) in order to 
deposit the film.  Tungsten hexacarbonyl vapor entered the tube at one end and 
exited at the other end, with 30sccm of argon as carrier gas.  Deposition was 
performed at 400oC.  The reason for using this method was that temperature 
uniformity could be achieved to facilitate uniform deposition of the film since the 
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rate of decomposition is related to temperature.  Below 420oC, it was found that 
the deposition rate increased with temperature.  Above 420oC deposition rate 
dropped due to competing wall reactions. [Diem et al. 1983].  However, films 
deposited using this method were found to be non-uniform in thickness.  The 
reason could be that APCVD typically operates in the flow-limited regime, and 
the flow of the precursor vapor over the substrate was not uniform.  Moreover 
white haze on the tube walls was noticed which was evidence of incomplete 
decomposition of tungsten hexacarbonyl [Diem et al. 1983].   
 
In the next setup, which was more successful, and which will be described in more 
detail, low pressure chemical vapor deposition (LPCVD) was used instead.  This 
method avoids the issue of uniform flow since it can operate in the reaction-rate 
limited regime.  Figure 3.1 shows the schematic diagram of the LPCVD setup. 
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Figure 3.1: Schematic diagram of the LPCVD setup used to deposit tungsten via 
pyrolysis of tungsten hexacarbonyl 
 
Samples were loaded into a stainless steel cylindrical vacuum chamber of height 
6cm and volume 380cm3, resting on a 0.25mm thick rigid graphite strip which 
was used to heat up the sample.  Prior to this, tungsten hexacarbonyl powder was 
loaded into a 50ml glass bottle held in an aluminum cell and heated to 30oC by 
means of power resistors powered by a GW laboratory DC power supply GPR 
3030.  The temperature was measured using a Fluke 79 III digital multimeter with 
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precursor was connected to the vacuum chamber by means of stainless steel CF 
flanges and the precursor vapor pressure was controlled by a variable valve. 
 
An Edwards RV8 rotary pump was used to lower the pressure in the vacuum 
chamber to a base pressure of 0.01mBar.  The pressure was measured by a Balzers 
capacitance gauge.  Argon (Ar) carrier gas was flowed into the chamber to raise 
the chamber base pressure to 0.1mBar. The gas flow was controlled by an MKS 
M100812CS18V mass flow controller (MFC).  The flow rate ranges from 2 to 
6sccm and was measured by a Matheson Multiple Dyna-Blender Model 8284 flow 
meter.   
 
The substrate was heated to 550oC by using a Invensys Lamda GEN40-19 DC 
power supply to supply power to the graphite heater strip.  Initially, a Fluke 79 III 
Digital Multimeter with a Fluke 80TK Thermocouple Module was used to read 
the temperature of the substrate.  The thermocouple wire was attached to the 
heater strip.  This method had 2 problems.  Firstly, the temperature read was the 
temperature of the graphite sheet, not the substrate surface.  There would be 
significant temperature difference as the system was under vacuum.  Next, the 
temperature would fluctuate at different positions on the heater strip.  This 
problem was solved by using a Minolta TR-630 spot thermometer (which is a 
radiation pyrometer) to measure the temperature instead.  It was more accurate as 
it measures directly the temperature of the surface of the substrate.  
 
The variable valve controlling precursor flow was fully opened for durations 
ranging from 15s to 2min before being fully closed.  The substrate was maintained 
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at 550oC for another 30s to ensure the decomposition was complete before the 
substrate heater was switched off. 
 
The sample was then left to cool in vacuum for 5 min.  The chamber was then 
vented using argon and the sample was removed.  This method produced uniform 
tungsten films (shiny) to the naked eye.   
 
It is worthwhile to note that temperature uniformity is typically harder to achieve 
under vacuum. Initially, to solve this issue, the samples were placed on a PG/PBN 
KH-8580 boron nitride heater (instead of graphite sheet), which provided very 
good thermal contact and uniform heating.  Films deposited using this method 
looked uniform to the naked eye.  However, the tungsten carbonyl would also 
decompose on the heater, stressing the fragile structure of the heater and cracking 
it after a few cycles of experiments.  This method was not practical since each 
heater costs US$2000.  Hence thin graphite sheets were used instead since they 
produced reasonably uniform films. 
 
After deposition of tungsten, the samples were loaded into a furnace tube with 
pure oxygen flowing at 30sccm.  The furnace tube was maintained at a pressure of 
1 atm.  The temperature in the tube was ramped up to 500oC where it was 
maintained for 1 hr, before it was cooled to <100oC before the samples were taken 
out of the furnace. 
 
To form ohmic contacts, 100nm of gold was evaporated on opposite sides of a 
sample using an Edwards Auto 306 evaporator at a base pressure of 2.8 x 10-6 
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mBar.  10nm of titanium was deposited before gold deposition as a standard 
adhesion layer.  The samples were then gold wirebonded using a Kulicke & Soffa 
Model 4523A digital auto-stepback wirebonder to form wedge bonds to a ceramic 
dual-in-line package (CERDIP).  Figure 3.2 shows the schematic diagram of 




A piece of glass substrate is 
cleaned in an ultrasonic bath of 
acetone.
The glass substrate is coated 
with a layer of tungsten by using 
LPCVD of tungsten carbonyl.
The tungsten layer is oxidised in 





Gold contacts are deposited at 
opposite sides of the sample by 
thermal evaporation.
The sample is attached to a dual 
in-line-package (DIP) using 
silver paste.
The sample is wirebonded to the 









Initiation of hole 
formation in 2nd
anodization




The aluminum frame is removed 
using tin chloride (SnCl2) or 
mercury chloride (HgCl).
The barrier layer is removed by 
immersing the TAM in 
phosphoric (H3PO4) acid.
The TAM is coated with a layer 
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PMMA
gold
Gold contacts are deposited at 
opposite sides of the sample by 
thermal evaporation.
The bottom of the sample is 
coated with PMMA.
The tungsten layer is oxidised in 
a furnace tube at 773K.
 
The device is heated to 100oC for 30 min 
to drive off the PMMA solvent.  The 
sample is thereby adhered to the DIP.
The sample is wirebonded to the 
DIP to form the final device.
DIP




Figure 3.2: Schematic diagram showing process of fabricating (a) flat substrate 
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3.3 Characterizing the Metal Oxide Sensor 
A few methods were experimented with before the final setup to test the device 
was designed and implemented.  Firstly, a setup similar to that shown in Figure 
3.1 was used.  The differences were that the precursor was removed and a gas line 
was attached instead.  For this method, testing was done under vacuum.  This 
method has been employed by Baraton et al. [Baraton et al. 2003].  Small 
amounts of oxygen were added and the electrical characteristics were measured 
via electrical feedthroughs.  In this method used, we encountered two problems.  
The first was temperature fluctuations as discussed in the previous section.  
Indeed, at 200oC, the temperature fluctuation could be up to 10oC with the entry of 
oxygen.  The second was that temperature is directly related to pressure.  An 
increase in temperature would lead to an increase in pressure. There would be a 
need to take this into account and this would complicate the measurement process.       
 
To resolve this issue, another setup using a quartz furnace tube (similar to the one 
in the previous section) was attempted so that measurements could be taken under 
atmospheric  pressure.  In this setup, temperature uniformity was achieved.  
However, there was an issue.  It took a long time for the system to reach 
equilibrium gas concentration upon releasing of the test gas into the system since 
the volume enclosed was large.  It is known that response time of the gas sensor is 
dependent on the measurement enclosure volume [Aguir et al. 2002]  As a result, 
the response time was long as well.  This is especially true for low gas 
concentrations.  This gave an unfair representation of the performance of the 
sensor.   
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Finally, a setup that avoided the pitfalls adequately was developed.  Figure 3.3 
shows the schematic representation of the setup. 
 
 
Figure 3.3: Schematic representation of the setup used to characterize the gas 
sensing characteristics of devices. 
 
The device was mounted onto an aluminum heating stage and then loaded into a 
stainless steel cylindrical chamber with an enclosed volume of about 500cc.  
Aluminum was used as some oxidation on the heating stage would happen at 
elevated temperatures in an oxygen ambient.  Aluminum oxide adheres well to 
aluminum and hence would not contaminate the chamber  (A copper heating stage 
was used previously to facilitate higher temperature testing but it was discovered 
that copper oxide does not adhere well to copper and the result was that the 
chamber and device were contaminated with copper oxide).  Argon was flowed 
continuously at 100sccm into the chamber such that it was completely filled with 
argon.  The flow rate was measured using a Matheson 8172-0412 mass flow 
Power Supply 
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transducer.  The Arrhenius relationship (natural logarithm of resistance versus 
temperature) of the device was taken.  The device was heated up to temperatures 
ranging from 120oC to 300oC.  To keep temperature constant, a Eurotherm 2408 
temperature controller was used initially.  However, it was discovered that the 
power supply of the controller had an inherent noise of about 30nA which was 
larger than the current range that the device was tested in.  Hence, a different 
approach was used.  Temperature measurements were taken automatically by 
linking the temperature controller to a personal computer.  An interface program 
using Labview was written to achieve this purpose.  Should there be any 
fluctuations in current measurements due to temperature, they can be compensated 
for.  The compensation scheme is described in the next chapter.   
 
5%-30% of NH3 (5-30sccm) in Ar was flowed into the chamber at constant 
temperatures in the above specified range so as to characterize the sensor response 
to ammonia. To keep the flow rate constant, argon gas flow was reduced such that 
the gas flow throughout the chamber was constant at 100sccm.  The heating stage 
was heated up by resistors which were powered by a DC power supply.  
Temperature was measured using a type-K thermocouple unit mounted on a Fluke 
digital multimeter.  Current versus time measurements were taken using a HP4156 
Precision Semiconductor Parameter Analyser.  Once the current had stabilized, the 
target gas was cut off and the time needed to reset the device was measured.    
Upon detecting the temperature at which the device was most sensitive, quantities 
of target gas was reduced to the level where it can barely be detected. This was to 
determine the sensitivity of the device. 
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The above test was repeated for an oxidising gas, that is oxygen. 
 
Similar methods such as the one above have been used by various research 
groups. [Giulio et. al. 1997, Penza et al. 1998, Sberveglieri et. al. 1995] 
 
3.4 Structural and Electrical Characterization 
To obtain information on the film structure to aid in the understanding of the 
sensing mechanism, the following techniques were used to characterize the 
samples: 
 
Philips XL30 FEG scanning electron microscope (SEM) was used to capture 
images of the surface and cross-sections of the samples. 
 
Atomic force microscopy was used to obtain information on the surface 
morphology of the flat substrate sample and to measure its roughness.  It was also 
used to estimate the crystal grain size of the samples. 
 
X-ray photon spectroscopy was used to determine the stoichiometry of the 




In this chapter, the fabrication of devices and the methods used to characterize 
them with respect to gas sensing and film microstructure are described.  The 
description includes some of the thought processes involved in coming up with 
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final design for the fabrication and characterization equipment, and why the 
earlier designs were found to be unsuitable.  In the next chapter, results of the 
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4 Electrical and Structural Characterization of Fabricated 
Devices 
 
In this chapter, the results of the electrical and structural characterization, as 
described in the previous chapter are presented. Interesting phenomena are 
highlighted and possible reasons for the observed phenomena are given. 
 
4.1 Results of Anodization  
Figure 4.1 shows the scanning electron microscope (SEM) micrographs of 
samples obtained by anodizing at voltages of 40-55V in 0.3M oxalic acid.  A thin 
layer of gold (<5nm) was sputtered onto the samples before the imaging was done 
since aluminum oxide is an insulator and would result in electron charging on the 
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Figure 4.1:  SEM micrographs of samples obtained by anodizing at (a) 40V, (b) 
45V, (c) 50V and (d) 55V in 0.3M oxalic acid.   
 
It was observed that highly ordered pore arrays could be obtained using anodizing 
voltages in the range 40 to 55V.  Some loss in order was observed at an anodizing 
voltage of 55V.  Figure 4.2 shows the SEM micrographs of a typical sample of 
alumina anodized at 50V.  For the sample shown in figure 4.2(a), the pore 
diameter is about 60nm and the depth of the trench is about 800nm.  Hence, the 
aspect ratio of the pores (ratio of pore diameter to trench depth) is 1:13.  In the 
bottom view of the anodized membrane in figure 4.2(b), it can be observed that 
the pore openings were closed because of the presence of the Al2O3 barrier layer, 
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Figure 4.2: SEM micrographs of a typical sample of anodized alumina anodized at 




4.2 Characterizing Tungsten Film Deposited by Pyrolysis of Tungsten 
Hexacarbonyl 
A method to determine the duration required to deposit a film of suitable thickness 
and to calibrate the deposition rate of the system as described in Section 3.2 was 
needed. To do that, about 25nm of alumina was sputtered onto a 3-inch n-type 
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the tungsten film would be deposited on.  Pyrolysis of tungsten hexacarbonyl was 
then carried out to deposit the tungsten film onto the alumina substrate for 
durations ranging from 30s to 10min.  Figure 4.3 shows the rate of deposition of 



























Figure 4.3: Deposition rate of tungsten by pyrolysis of tungsten hexacarbonyl on 
flat alumina substrate  
 
It was observed that the rate of deposition was not exactly linear in the duration 
30s to 10min.  However, an estimated deposition rate of 300nm/min was found 
based on a linear fit to the data in figure 4.3 
 
Figure 4.4 shows the SEM micrographs showing the cross-sections of the tungsten 
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Figure 4.4: Tungsten film deposited by 
pyrolysis of tungsten hexacarbonyl 
(W(CO)6) on alumina substrate for a 
duration of  (a) 10min, (b) 5min, (c) 





Clear images with minimum specimen charging especially for thicker films were 
obtained using the SEM.  This indicated that the film deposited was conducting 
and could be metallic in nature. 
 
Figure 4.5 shows the three-dimensional view of the films deposited with durations 
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Figure 4.5: SEM micrographs showing three-dimensional views of films deposited 
by pyrolysis of tungsten hexacarbonyl with durations of (a) 1 min and (b) 30s.   
 
 
It was observed that after 30s and 1 min of deposition durations, the thickness of 
the tungsten films was about 80nm and 250nm respectively.  It was further 
observed that the thinner film (figure 4.5b) had smaller grain size.  The atomic 
force microscopy (AFM) images of the samples shown in figure 4.5, as shown in 
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Figure 4.6: AFM images of films deposited by pyrolysis of tungsten hexacarbonyl 
with durations of (a) 30 s and (b) 1 min.   
 
From figure 4.6, the calculated grain sizes for 30s and 1 min of deposition 
duration were 19.4nm and 25.6nm, respectively.  It was further observed that the 
thicker film (figure 4.6(b)) had a rougher surface compared to the thinner film 
(figure 4.6(a)).  The r.m.s. roughness calculated over an area of 2µm by 2µm for 
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Figure 4.7 shows the results of X-Ray photoelectron spectroscopy (XPS) on the 
deposited film.   Argon sputtering was performed on the film for 15s prior to the 
spectroscopic scan to remove surface carbon species.  Subsequently, sputtering 






















Figure 4.7: XPS Depth Spectra of tungsten film deposited by pyrolysis of tungsten 
hexacarbonyl.  The time in the legend indicates the sputtering duration before 
each XPS spectrum was acquired. 
 
It was observed that after 55s of sputtering the W-W peak was very low.  This 
implied that the bottom of the film was about to be reached.  It was also observed 
that there was a significant amount of tungsten oxide in the film, as indicated by 
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boundaries of the film in the LPCVD system, which was under low vacuum only.  
In addition, incomplete decomposition of tungsten hexacarbonyl during the 
LPCVD process could have caused both oxygen and carbon atoms to be 
incorporated into the film.    
 

































Figure 4.8: Arrhenius plot (ln R vs 1/T) of deposited film before and after 
oxidation.   
 
It was observed that the resistance of the tungsten film decreased with 
temperature.  This was unusual since the film was metallic.  The reason was most 
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semiconducting.  After the oxidation process, there was a tremendous increase in 
resistance, indicating that the film was oxidized.  The resistivity of the tungsten 
oxide film (thickness estimated to be 100nm) was calculated as follows: 
 
ρ = R*A/L        (4.1) 
where ρ is the resistivity of the film 
 R is the resistance across the film 
 A is the cross-sectional area of the film 
 L is the length of the conduction path across the film 
 
At 300K, R=1011Ω, A=5x10-6cm2 and L=0.4cm, the calculated resistivity was 
1.25x106 Ω-cm.  This was about 1 order higher than the value of 1.4x105Ω-cm 
reported by Aguir [Aguir et al. 2002].  However, as mentioned in chapter 2, 
different tungsten oxide film deposition techniques could result in vastly different 
resistivity values (which typically lie in the range 105-109Ω-cm).  
 
The activation energy was calculated from the slope of the Arrhenius plot (ln R vs 
1/T) as follows: 
Ea = kS       (4.2) 
Where Ea is the activation energy 
 k is the Boltzmann constant 
 S is the slope of the Arrhenius plot 
 
There were 2 distinct slopes (S), one in the range 300—370K and the other in the 
range 400—500K.  In the range 300—370K, the calculated Ea was 0.23eV 
CHAPTER FOUR 
   75
whereas in the range 400—500K, the calculated Ea was 0.65eV.  Aguir also 
reported a similar trend, i.e., two slopes (S).  In their experiments, the calculated 
Ea was 0.29eV in the range 300—500K and 0.79eV in the range 600—700K 
[Aguir et al. 2002]. 
 
4.3 Obtaining a Continuous Tungsten Oxide Film on Porous Alumina 
To facilitate the nucleation of tungsten along the pore walls of the anodized 
alumina membrane, anodization at 55V was used to fabricate the samples. Since 
the pore openings were small, pore-widening was carried out by immersing the 
samples into 5% wt. phosphoric acid.  After deposition of tungsten onto the 
template, using the method discussed in Section 3.2, it was discovered that the 
film was discontinuous, i.e. an open-circuit.  This remained the case despite 
lengthening the deposition time to 1min, which resulted in a thick film of about 
500nm (figure 4.3).  This could be because the surface of the porous alumina 
template was uneven.  This was evident from the dull reflection of the surface. 
The result was uneven deposition on the template, causing the formation of a 
discontinuous film.  To solve this problem, an improvised method was used.  It 
was observed that the reverse side of the template (figure 4.2b) had a shiny 
reflection.  This indicated that the surface was more even, compared to the front 
view.  To remove the bottom barrier layer so as to expose the pores, the template 
was immersed in 5% wt phosphoric acid for 45 min.  Deposition of tungsten by 
CVD was carried out on the reverse side of the template and it resulted in a 
continuous film, even just after 15s of deposition.  Oxidation was then carried out 
as described in Section 3.2.  Figure 4.9 shows the surfaces of the samples 
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Figure 4.9: SEM micrographs showing the surfaces of fabricated samples using 
(a) front-side deposition and (b) reverse-side deposition.   
 
It was observed that the deposition of tungsten oxide on the reverse side of the 




   77
4.4 Summary 
In this chapter, the electrical and structural characterization of the fabricated 
samples were presented.  The Arrhenius plots (ln R vs 1/T)  of the deposited films 
before and after oxidation were shown.  An XPS analysis of the tungsten film 
deposited was presented as well.  The deposited tungsten films were found to 
contain a significant amount of tungsten oxide.  Finally, the results of fabricating a 
novel honeycomb nanostructure using pyrolysis of tungsten hexacarbonyl on 
pore-widened anodic porous alumina were presented.   
 
In chapter 5, the results of using the flat substrate sensor and textured substrate 
sensor, for which the fabrication methods were described in section 3.2, to sense 
ammonia (a reducing agent) and oxygen (an oxidizing agent) are presented.  
Figure 4.10 shows a typical flat substrate device and a textured substrate device 
that were used for performing gas sensing experiments. 
 
 
Figure 4.10: Typical (a) flat substrate device and (b) textured substrate device that 
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5 Gas Sensing Characteristics of Fabricated Devices 
In this chapter, the results of gas sensing experiments performed, as described in 
section 3.2 are presented.  The results were analysed with respect to the gas 
sensing mechanisms of ammonia and oxygen.  Possible explanations are given for 
the observed phenomena.  Two kinds of gas sensing devices were tested: flat 
substrate device and textured substrate device.  The device fabrication process has 
been described in chapter three.  A potential of 5V was applied across the device 
and the current was measured.  Before the gas sensing experiments were 
conducted, a dummy gas (nitrogen) was flowed into the chamber with argon as the 
carrier gas.  It was found that the fabricated devices did not respond to the 
presence of nitrogen, which is a desired response.  Figure 5.1 shows the current-




























Figure 5.1: Response graph of a typical device to nitrogen.  The test was 
conducted at 473K (200oC).  30% nitrogen was flowed into the chamber at 500s.  
The nitrogen flow was switched off at 3500s. 
 
 
N2 on N2 off 
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5.1 Compensation for Temperature Fluctuations 
During the experiments, some deviation from the target test temperature was 
observed and it was typically in the range of ±2K.  For example, if a device was 
tested at 473K, the actual temperature could fluctuate between 471K to 475K.   
The significant temperature fluctuations were due to the larger thermal mass of the 
device compared to typical gas sensors. This resulted in a larger time constant in 
stabilizing the temperature.  The changes in current due to temperature 
fluctuations were comparable to the changes in current due to the response to the 
presence of the test gas. Hence, a method to compensate for the temperature 
fluctuations is required, so that the compensated current would reflect the value as 
if there were no temperature fluctuations.  A typical response graph is shown in 
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Figure 5.2: Graph showing the compensation method for small temperature 
fluctuations during gas sensing experiments. The black line is the corrected 
current (Ac), after compensating for the small temperature fluctuations, and the 
grey line is the actual current taken during the experiment (I). 
 
The corrected or compensated is calculated as follows: 
Compensated current, Ic = I - (dI / dT) * ∆Ttgt,    (5.1) 
where 
Small fluctuation in temperature, dT = T2 – T1 
Small change in current due to dT, dI = I2 - I1 
Ttgt – target test temperature 
T – actual test temperature 
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In figure 5.2, the black line is the compensated current (Ic) and the grey line is the 
actual current taken during the experiment (I). 
 
For this thesis, figures showing both the compensated current and actual current 
will be shown where clarification is necessary while in the rest of the figures, only 
the compensated current is shown. 
 
Note: In figure 5.1, only the compensated current is shown. 
 
 
5.2 Terms and Definitions 
Figure 5.3 shows a schematic diagram of an ideal response curve to a gas and 




Figure 5.3: Ideal response curve in the presence of the test gas and subsequent 












ton tmax90 trec90 trec10 toff tmax10 
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Imax—maximum current after gas exposure 
Imax90—90% of maximum current after gas exposure 
Irec—minimum current after gas removal 
Irec90— 90% of minimum current after gas removal 
Ibase –baseline current 
ton –time when device is exposed to gas  
toff –time when gas is removed 
tmax—time point corresponding to Imax90 
trec90—time point corresponding to Irec90 
 
The sensitivity, response time and recovery time of a gas sensor are defined and 
calculated according to the following equations: 
 
Sensitivity, S = (Imax – Ibase)/Ibase      (5.2) 
Response time, tres = tmax90 – ton      (5.3) 
Recovery time, trec = trec90 – toff      (5.4) 
 
5.3 Ammonia Sensing 
The flat substrate device was exposed to different concentrations of ammonia 
(NH3) using the method as described in section 3.3.  Figure 5.4 shows the typical 
response graphs of the flat substrate device at 473K for various NH3 
concentrations.   Thick arrows indicate when device was exposed to gas 
(ammonia).  Thin arrows indicate when the gas (ammonia) flow was removed. 
These notations will be used throughout this thesis.  It was observed that the 
recovery of the sensor was incomplete at the test temperature as Irec is not equal to 
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Ibase.  Such a phenomenon was also observed by various research groups in 
sensing a variety of gases [Lee et al. 2000, Sberveglieri et al. 1999]. By heating 
the device to a higher temperature of 523K for about half an hour, the 
conductance (or current) of the device was found to return to about the baseline 
value, indicating that the ammonia has desorbed completely.   
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Figure 5.4: Time variation of the current of flat substrate device under a DC bias 
of 5V at 473K (200oC) and at a ammonia concentration of (a) 30%, (b) 20%, (c) 
10%, (d) 5% and (e) 2%.  The line at the top indicates temperature (oC).  The grey 




A few observations were made.  Firstly, the current (or conductance) increased 
when ammonia was admitted.  This is reasonable as ammonia is a reducing agent 
and would release electrons into the sensing layer, when it adsorbs onto the 
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many research groups that used tungsten oxide to sense ammonia [Davazoglou et 
al. 1998, Penza et al. 1998].   Next, it was observed that the recovery time was 
longer than the response time.  This is probably because more energy was required 
to break the bonds between tungsten oxide and ammonia, compared to the energy 
that was needed to bond them.  Li et al. gave a similar explanation for the long 
recovery times needed to reset their devices when sensing nitrous oxide [Li et al. 
2003].   Higher bonding energy could also account for the incomplete desorption 
of ammonia at the test temperature.  Figure 5.5 shows the calculated sensitivity of 
the flat substrate device when exposed to various concentrations of ammonia.  The 
error bars at each test temperature indicate the range of the calculated sensitivity 


















Figure 5.5 Sensitivity of flat substrate device to various concentrations of 
ammonia at test temperatures ranging from 433K to 573K. 
 
It is observed from figure 5.5 that the maximum sensitivity to NH3 occurred at a 
test temperature of 473K.  This is consistent with the observations by Penza et al. 
[Penza et al. 1998].   
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It was further observed that both the sensing and recovery times decreased with 
increasing temperature. Figure 5.6 shows the response and recovery times of two 
typical flat substrate devices (range of measurements indicated by the error bars) 



































Figure 5.6: (a) Response time and (b) recovery time of flat substrate device to 




A similar trend of the response and recovery times was also observed by Giulio, 
who used tungsten oxide to sense nitrogen monoxide (NO) [Giulio et al. 1997].  
The reason for the recovery time trend could be because a higher temperature 
meant the adsorbed gas species had more energy to break their bonds from the 
surface molecules of the sensing layer and hence desorb faster.   
 
(a) (b) tres (s) trec (s) 
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In a similar manner, the textured substrate device was exposed to various 
concentrations of ammonia.  Figure 5.7 shows the typical response graphs for the 






































Figure 5.7: Time variation of the current of textured substrate device under a DC 
bias of 5V at 473K and at an ammonia (NH3) concentration of (a) 30%, (b) 20% 




























Figure 5.8: Sensitivity of textured substrate device to various concentrations of 
































Figure 5.9: (a) Response time and (b) recovery time of textured substrate device to 
various concentrations of ammonia at test temperatures ranging from 433K to 
573K. 
 
The textured substrate device behaved in a similar manner as the flat substrate 
device. The current (or conductance) increased when ammonia was admitted and 
(a) (b) tres (s) trec (s) 
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the maximum sensitivity occurred at a test temperature of 473K.  Recovery times 
were longer than response times.  Also, both the sensing and recovery times 
decreased with increasing temperature.   
 
The extracted sensitivity, response times and recovery times of the textured 
substrate device are shown in figures 5.8, 5.9(a) and 5.9(b), respectively.  It can be 
seen that the flat substrate device consistently performed better than the textured 
substrate device in all three parameters of sensitivity, response time, and recovery 
time.  For example, at 473K, the sensitivity, response time and recovery time of 
the flat substrate device are 30%, 700s and 1500s, respectively, compared with 
11%, 2350s and 2150s of the textured substrate device.  Possible explanations for 
this phenomenon are given in Section 5.5. 
 
5.4 Oxygen Sensing 
 
The flat substrate device was exposed to different concentrations of oxygen (O2) 
using the method as described in section 3.3.  Figure 5.10 shows the typical 











































Figure 5.10: Time variation of the current of flat substrate device under a DC bias 
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The current (or conductance) of the flat substrate device increased in the presence 
of oxygen. This is unusual.  Since sub-stoichiometric tungsten oxide is an n-type 
semiconductor, the conductance should decrease in the presence of an oxidizing 
agent (which in this case is oxygen), leading to a decrease in current.  An attempt 
to explain this phenomenon is made in section 5.4.1.   
 
It was also observed that given a reasonable amount of time, the adsorbed oxygen 
appeared to have desorbed completely, since the current fell to approximately the 
baseline value after O2 was switched off.   This was unlike the case for the flat 
substrate device in sensing ammonia, where desorption was incomplete at the test 
temperature.  Some research groups have reported complete desorption [Kohl et 
al. 2001, Walter et al. 2001] while others have reported incomplete desorption of 
their test gases [Lee et al. 2000, Sberveglieri et al. 1999].  One group reported 
faster recovery at an elevated temperature compared to the test temperature [Kong 
et al. 2000].  None of them offered any explanations.  For our devices, we 
speculate that ammonia required higher energy to detach from the sensing surface 
(after being adsorbed) when compared to oxygen. 
 
Figure 5.11 shows the calculated sensitivity of the flat substrate device when 
exposed to various concentrations of oxygen.  The error bars indicate the range of 
the calculated sensitivity for two typical devices tested. 
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Figure 5.11: Sensitivity of flat substrate device to various concentrations of 
oxygen at test temperatures ranging from 433K to 573K. 
 
Similar to the case of sensing ammonia, it was observed that the maximum 
sensitivity occurred at a test temperature of 473K.  Moreover, both response times 
and recovery times decreased with temperature.  Figure 5.12 shows the extracted 
response and recovery times of two typical flat substrate devices (range of 



































Figure 5.12: (a) Response time and (b) recovery time of flat substrate device to 
various concentrations of oxygen at test temperatures ranging from 433K to 573K. 
 
The textured substrate device was exposed to different concentrations of oxygen 
using the method as described in section 3.3.  Figure 5.13 shows the typical 
response graphs at 473K for various O2 concentrations. 
 
(a) (b) 
tres (s) trec (s) 
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Figure 5.13: Time variation of the current of textured substrate device under a DC 
bias of 5V at 473K and at oxygen (O2) concentration of (a) 30%, (b) 20%, (c) 10% 
and (d) 5%. 
 
Figure 5.14 shows the sensitivity of two typical textured substrate devices when 
exposed to various concentrations of oxygen.  Figure 5.15 shows the response and 






























Figure 5.14: Sensitivity of textured substrate device to various concentrations of 




































Figure 5.15: (a) Response time and (b) recovery time of textured substrate device 
to various concentrations of oxygen at test temperatures ranging from 433K to 
673K. 
 
Again, it was observed that the textured substrate device behaved in a similar 
manner as the flat substrate device when exposed to oxygen.  Both the flat 
substrate device and textured substrate device seemed to perform equally well in 
(a) (b) 
tres (s) trec (s) 
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terms of sensitivity.  It was further observed that the textured substrate device 
performed worse than the flat substrate device in terms of response time.  Lastly, 
while it appeared that the textured substrate device performed better in terms of 
recovery time.  This was not a fair comparison since the recovery was not 
complete, whereas in the case of the flat substrate device, the recovery was 
complete.  Possible explanations for the poorer performance of the textured 
substrate device (as compared to the flat substrate device) as well as incomplete 
desorption of oxygen by the textured substrate device are given in section 5.5 
 
By heating the textured substrate device to 523K for about half an hour, the 
conductance of the device returned to about the baseline value, indicating that the 
oxygen had desorbed completely.   
 
5.4.1 Explanation for Unusual Behavior in Oxygen Sensing 
In this section, a possible explanation for the unusual behavior of the fabricated 
samples in sensing oxygen is presented.  It is suspected that certain chemical 
contaminant species in the sensing layer triggered the response.  This is especially 
probable since the samples were not fabricated in a cleanroom environment.  In 
particular, tungsten films deposited by pyrolysis of tungsten hexacarbonyl (the 
precursor gas) were known to be heavily contaminated with CO molecules due to 
incomplete decomposition of the precursor [Diem et al. 1983, Lai et al. 2000].  
CO is known to react with oxygen to free electron carriers in the reactions as 
given in Eqs (2.7) to (2.9).  While in the equations given, the CO is a gas and 
oxygen atoms are in the sensing layer, it might be possible that CO molecules in 
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the sensing layer react with oxygen atoms in the ambient to release electron 
carriers into the sensing layer.   
 
To test the hypothesis that contaminants (especially CO) in the sensing layer 
caused the unusual behavior of the fabricated samples in the presence of oxygen,  
high temperature (973K) annealing was done to drive off (at least partially) 
contaminants in the film, in particular CO molecules.   This temperature was 
chosen as high as possible because high temperature is conducive in driving off 
CO [Diem et al. 1983, Lai et al. 2000]. However tungsten oxide sublimes 
significantly at temperatures above 1073K [Rehim 2001], and so the chosen 
anneal temperature must be below the sublimation temperature.  Annealing was 
performed in a furnace tube filled with argon and having argon flowing through it 
at 30sccm.  After annealing, the device was exposed to oxygen again. If the 
percentage increase in current in oxygen ambient decreased, it would indicate that 
the contaminants were driven off, proving that the hypothesis could be true. 
 
Since glass (which was the supporting material for the flat substrate device) 
undergoes a state transition at 973K, the textured substrate device was used to test 
the hypothesis instead. 
 
Figure 5.16 shows the time variation of the measured current of textured substrate 
device under a DC bias of 5V at 473K to oxygen and ammonia after various 
annealing durations at 973K.  The annealing was first carried out for 1 hour and 
the device was tested.  Subsequently, the annealing was continued for a further 6 
hours (i.e., total anneal duration of 7 hours) and the device was again tested.  
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Finally, the device was subjected to the same annealing condition  for a further 12 

































































Figure 5.16: Time variation of the current of textured substrate device under a DC 
bias of 5V at 473K and at gas concentration of (a) 30% oxygen (O2) after 1 hr of 
annealing, (b) 30% ammonia (NH3) after 1 hr of annealing, (c) 30% oxygen after 
7 hrs of annealing, (d) 30% oxygen after 19 hrs of annealing and (e) 30% 
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After annealing for 1 hour, it was observed that in the presence of oxygen, the 
current passing through the device actually decreased slightly (figure 5.16a), 
which should be the expected response of tungsten oxide to oxygen.  When 
exposed to ammonia, the current increased (figure 5.16b).  This showed that the 
performance of the sensor with respect to ammonia was not affected with 
annealing, i.e., only the performance of the sensor with respect to oxygen sensing 
was affected significantly.  The annealing process was repeated for another 6 
hours and then for another 12 hours and the response of the device to oxygen was 
tested again (figure 5.16c and figure 5.16d, respectively).  Responses similar to 
that of figure 5.16a were observed.  However it was observed that the percentage 
change in current seemed to have decreased with more hours of annealing.  This 
phenomenon could be due to changes in the morphology of the film in terms of 
roughness and grain size.  Finally, after 19 hours of annealing, the device was 
exposed to ammonia again, as shown in figure 5.16e.  Again, it was observed that 
the current increased upon exposure (by about 9%) and partial recovery was 
achieved upon removal of the NH3 gas.  From the above observations, it was 
concluded that it is possible that contaminant chemical species, in particular CO, 
were removed after the annealing at 973K, resulting in a reversal of the trend of 
the response of the fabricated device when exposed to oxygen.  Moreover the 
trends of device behavior observed after annealing matched the observations by 
Davazoglou et al. [Davazoglou et al. 1998].  In Davazoglou’s et al.’s experiments, 
tungsten oxide films deposited by pyrolysis of tungsten hexacarbonyl had strong 
response to a reducing agent (hydrogen) but no response to oxygen.  For this 
thesis, the fabricated devices had a much stronger response to a reducing agent 
(ammonia) compared to oxygen after the annealing process was carried out. 
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In figure 5.16b, it was observed that the baseline current was lower than that in 
figure 5.16a.  The reason could be as follows.  After removing the device from the 
furnace tube after annealing, it was exposed to air for a few hours before being 
loaded into the gas chamber.  Water vapour molecules could have adsorbed onto 
the sensing layer, resulting in an increase in the sensor conductance [Kyoung et al. 
2002].  The oxygen test was then conducted first (figure 5.16a).  Then the device 
was left overnight in the test chamber.  Water vapour molecules could have then 
desorbed from the sensing layer as the chamber, which was filled with argon, had 
low humidity.  This resulted in a decrease in conductance and a smaller baseline 
current in figure 5.16b. Then the ammonia test was conducted.  No significant 
difference in baseline current for the tests conducted after 19 hours of annealing 
was observed (compare figures 5.16d and 5.16e).  This was because the 
subsequent test for ammonia was done immediately after the completion of the 
test for oxygen, after discovering the difference in baseline current as explained 
above. 
 
5.5  Performance Differences between Flat and Textured Substrate Sensors 
It was expected that the textured substrate device would perform better than the 
flat substrate device since it had a textured surface that should have greater 
surface area exposed to the gas tested.  Interestingly, the flat substrate device 
performed better in terms of higher sensitivity, faster response time and faster 
recovery time. The reason could be as follows. Figure 5.17 shows the cross-
section of tungsten film deposited on alumina template. 
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Figure 5.17:  SEM micrographs (a) tilted cross-section view and (b) direct cross-
section view of tungsten film on template after 30s deposition of tungsten by 
pyrolysis of tungsten hexacarbonyl. Tungsten covers the top of the template. The 
pore walls pore walls are also covered with tungsten to a depth of about 500nm 
(bright regions). 
 
It can be seen that the depth of the tungsten film for the textured substrate is about 
500nm. This is much larger than that of the flat substrate (about 80nm) after 
similar deposition duration of 30s (figure 4.3).  The reason was that the precursor 
species entered the pores and decomposed on the sidewalls.  After oxidation, the 
textured substrate sensing layer would most likely remain much thicker than the 
flat substrate sensing layer.  Comparisons of film thickness were made between 
the films before oxidation as good resolution SEM images of cross-sections could 
not be obtained after oxidation due to severe charging effects of electron 
bombardment on tungsten oxide. This means it would take a longer time for the 
gas species diffuse to the lower parts of the film and be adsorbed.  Similarly, it 
would take a longer time for adsorbed molecules at the lower parts to desorb.   
Hence this resulted in longer response and recovery times for the textured 
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Morever, the alumina template might have acted as a diffusion barrier to the gas 
species along the film, lowering the adsorption efficiency i.e. the gas species 
never reached some parts of the film, resulting in lower sensitivity. This occurred 
clearly in the case for ammonia sensing, in which the sensitivity of the flat 
substrate device was 3 times higher than the textured substrate device.  A 
combination of the effects of greater film depth and diffusion barrier could have 
resulted in incomplete desorption of gas species by the textured substrate device. 
 
Finally, the fabricated devices were compared with the gold activated tungsten 
oxide sensors reported by Davazoglou et al. [Davazoglou et al. 1998]. This 
comparison was made as Davazoglou et al. also used pyrolysis of tungsten 
hexacarbonyl to deposit tungsten oxide sensing layer and the devices were used to 
sense hydrogen. In this comparative analysis, results from ammonia sensing 
(similar to hydrogen or a reducing ambient) were used.  It was observed that the 
flat substrate sensor had comparable performance for both response and recovery 
times whereas the textured substrate sensor was poorer in performance for both 
parameters.  Both flat and textured substrate sensors, with gas detection limits of 
around 2%, were about 2 orders of magnitude less sensitive than the gold 
activated tungsten oxide sensors reported by Davazoglou et al..  This seems to 
agree with Davazoglou et al.’s experimental results in that devices that were not 
activated with gold additives were not sensitive to oxygen (an oxidizing agent) or 
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5.6 Sources of errors 
It can be seen that the actual current versus time graphs had some noise 
fluctuations.  These fluctuations reduced the precision of the extracted gas sensing 
performance parameters of sensitivity, response and recovery times. There are a 
few possible sources of noise.  Three of the biggest sources are described here. 
 
Compensation for temperature fluctuations 
In Section 4.1, the method of compensating differences in current due to 
temperature fluctuations in section 4.1, a linear relationship between changes in 
current and temperature was assumed.  In reality, however, the relationship 
between the conductivity (equivalent to the measured current) of a semiconductor 
and temperature is as follows:   
 
σ α exp(-Eg/2kT)        (5.1) 
 
σ –conductivity,  Eg—bandgap of the material, k—Boltzmann constant, T—
temperature 
 
In other words, the relationship is exponential.  However, it would be a tedious 
and complex task to make use of this exponential relationship due to various 
factors involved, such as changes in carrier mobility, presence of carbon in the 
samples and adsorption/desorption of gases.  Since the method is Section 4.1 gave 
reasonable results and was more efficient, it was used for this thesis.  Moreover, 
the temperature fluctuations in the experiments were kept to a narrow range (i.e. 
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within ±2K) so that the linear assumption between current and temperature is 
reasonable. 
 
Gas flow control 
The gas flow rate was controlled by a fine valve, as shown in figure 3.2 in Chapter 
3.  There was no active feedback control to change the size of the orifice of the 
valve to respond to changes in flow conditions, so that the gas flow rate could be 
maintained at a precise level.  Hence there were small fluctuations in the gas flow 
rate during gas sensing experiments, resulting in some noise in the response curve. 
 
Noise from power supply 
Figure 5.18 shows the current-voltage characteristics of a typical gas sensor 
















Figure 5.18: I-V characteristics of a typical gas sensor device at 473K.  Poff 
indicates the I-V characteristic before the power supply was turned on and Pon 
indicates the I-V characteristic after the power supply was turned on.  
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With the power supply to the heating stage off (Poff), a smooth curve was 
observed. With the power supply on (Pon), some noise fluctuation in the I-V 
characteristic was observed.  This noise resulted in current fluctuations when 
measuring the response of the devices to the test gases. 
 
5.7 A Novel Honeycomb Nanostructure Using Porous Alumina Template 
Different kinds of nanostructures can be fabricated using anodic porous alumina 
as a mask or template.  Such structures can be used for various applications, as 
explained in chapter one.   In 2003, Ng et al. reported on the growth of epitaxial 
ZnO nanowires at the junctions of nanowalls using the vapor-liquid-solid 
mechanism [Ng et al. 2003].  Epitaxial growth of ZnO occurred along grain 
boundaries of the sapphire substrate as these regions were the most 
thermodynamically active sites (probably having higher surface energy as well).  
This resulted in the formation of ZnO nanowalls.   
 
In this thesis, pore-widening was done to create very thin pore walls on anodic 
alumina.  Such thin walls would have high surface energy at the sharp edges on 
top of the walls.  It would then be possible that when LPCVD of tungsten 
hexacarbonyl was performed using anodic porous alumina as a supporting 
substrate, the tungsten hexacarbonyl precursor would decompose preferentially on 
the top of the walls, forming a tungsten honeycomb nanostructure.  Figure 5.19 
shows the surface of a typical sample of anodic porous alumina after various 




   106
  
  
Figure 5.19: Porous alumina anodized at 55V and subsequently pore-widened by 
immersion in 5% wt phosphoric acid for (a) 0min, (b) 15min, (c) 30min and (d) 
45min.   
 
 
Figures 5.20 show the sample after pore-widening for a duration of 45min to form 
thin walls and subsequent deposition of tungsten by LPCVD of tungsten 
hexacarbonyl.  Columnar structures were seen to rise from the pore walls forming 
a honeycomb structure.  Figure 5.20(b) shows clearly the columnar structure 








Figure 5.20: (a) SEM micrograph of an anodic porous alumina template sample 
after pore-widening to form thin walls and after deposition of tungsten by LPCVD 
of tungsten hexacarbonyl. (b)   SEM micrograph showing columnar structures 
nucleating on the porous alumina template. 
 
 
It may be possible to use this structure as a gas sensing layer after further work 
has been done.  Some possible exploratory work is described here.  A systematic 
study of the fabrication process in order to understand the mechanism involved 
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determine the thickness of the pore walls at which honeycomb structures begin to 
form.  It was observed from figure 5.20(b) that the honeycomb nanostructure was 
not continuous.  In order to obtain a continuous honeycomb structure, argon 
sputtering can be performed to remove surface contaminants on the alumina 
template.  This may induce uniform nucleation of tungsten islands on the template 
during LPCVD of tungsten hexacarbonyl and hence facilitate the formation of a 
continuous film.  Such a structure, in addition to being suitable for gas sensing, 
may be useful in other applications , e.g., gas storage. 
 
5.8 Summary 
In this chapter, the gas sensing capability of both the flat substrate device and 
textured substrate device were characterized with respect to sensitivity, response 
time, and recovery time.  Both devices were compared and it was concluded that 
the flat substrate device performed better than the textured substrate device in 
terms of better sensitivity, faster response and recovery times.  Possible reasons 
were given.  In addition, it was found that the fabricated devices (both flat and 
textured substrate devices) exhibited an unexpected response to oxygen.  
Experiments were conducted and possible explanations were given to account for 
the response.  Lastly, a novel nanostructure using anodic porous alumina template 
was proposed as a suitable device for gas sensing.  In the next chapter, an overall 
summary of the thesis will be given and possible future developments of this work 
are discussed. 
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6 Conclusion 
 
In this chapter, a summary of the work done for this thesis is presented.  Some 
possible future developments for this project are discussed. 
 
6.1 Summary of Thesis  
Two types of gas sensing devices were fabricated, using low pressure chemical 
vapor deposition of tungsten (LPCVD) by pyrolysis of tungsten hexacarbonyl 
(W(CO)6).  The equipment needed to perform LPCVD was designed and set up 
in-house. The first type of device was a flat substrate device using glass as the 
supporting substrate and the second device was a textured substrate device using 
anodic porous alumina as the supporting substrate.  The fabricated devices were 
then characterized electrically and structurally. A novel honeycomb tungsten 
nanostructure was also fabricated by pyrolysis of tungsten hexacarbonyl on pore-
widened anodic porous alumina.  This structure has potential applications in gas 
storage and gas-sensing.  However, since the fabricated structure was 
discontinuous, optimization of the fabrication process is needed to obtain a 
continuous film so that gas sensing experiments can be conducted.   
 
The gas sensing behavior of the flat substrate and textured substrate devices was 
characterized using a gas chamber setup that was designed and built in-house.  
Comparisons between the two devices in terms of their gas-sensing performance 
to ammonia and oxygen were made.  In general, the flat substrate device 
performed better than the textured substrate device in all three performance 
indicators of sensitivity, response time and recovery time.  The reasons could be 
because of the thicker film and diffusion barrier effect of the alumina template for 
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the textured substrate sensor.  The unusual response of the devices to oxygen was 
explained as well.  The reason could be due to the presence of surface 
contaminants, especially CO molecules.  
 
6.2 Possible Future Developments 
A systematic study of the physical properties of films deposited by pyrolysis of 
tungsten hexacarbonyl on a flat substrate can be performed to shed some light on 
the gas-sensing mechanism.  Characterization techniques to be used for such a 
study may include the following: 
• X-Ray Photon Spectroscopy (XPS) to obtain the chemical composition as 
well as chemical bonding nature of the atoms in the film; 
• X-Ray Diffraction (XRD) to obtain information on the crystalline structure 
of the film as well as qualitative information of the grain size; 
• Atomic Force Microscopy (AFM) to obtain quantitative information on the 
grain sizes of the film as well as the surface roughness; 
• Scanning Electron Microscopy (SEM) to obtain information on the film 
morphology. 
 
By depositing thin films that possess different chemical composition, crystalline 
structure, grain size, and morphology, and testing their response to various gases, 
the optimal conditions for fabricating a flat substrate gas sensing layer can be 
obtained.  Anodic porous alumina can then be used to further optimize the sensing 
capability of the sensor further by creating a larger surface area to the gas to be 
sensed.  For this thesis, although the surface area exposed to the ambient was 
larger for the textured substrate device, the performance of the device was worse 
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than the flat substrate device in general.  This could be because the tungsten oxide 
film was thicker for the textured substrate device due to decomposition of 
tungsten hexacarbonyl on the pore walls of the device.  Moreover, the alumina 
pore walls could have been a diffusion barrier to gas species.  To solve this 
problem, a very thin anodic alumina template of thickness less than 200nm can be 
fabricated so that the sensing layer will be thin.  The template can be mounted 
onto a flat insulating substrate for mechanical support.  The template is held onto 
the substrate by surface tension.  Deposition of tungsten oxide by pyrolysis of 
tungsten hexacarbonyl and subsequent oxidation can then be performed to 
fabricate the textured substrate gas sensing layer.  To decrease the thickness of the 
sensing layer, sputtering or thermal evaporation of tungsten oxide powder with the 
substrate held at tilted angles can be used as well. 
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